r It has been known for some time that sensory information of one type can bias the spatial perception of another modality. However, there is a lack of evidence of this occurring in individual neurons.
Introduction
We perceive external objects and events via our multiple senses such as vision, audition, touch and smell. Although the transduction process is unique for each system, they are interconnected to jointly detect different features of environmental stimuli, such as timing and spatial location. This provides an important functional benefit in sensory perception, both with respect to enhancing our ability to detect objects or events and to increase the reliability of perceptual estimates (Ernst & Banks, 2002; Alais & Burr, 2004; Stein et al. 2014) . This redundancy in sensory coding allows for the recalibration of one sense by the other senses if there is a conflict between sensory mappings (Zwiers et al. 2003; Navarra et al. 2009 ), which can occur even in the absence of external feedback. One well-known example of this inter-sensory recalibration is the ventriloquist illusion, a phenomenon that uses spatial visual cues to bias the perceived location of a congruent sound. This form of sensory recalibration has been shown to exist in both temporal (Fujisaki et al. 2004; Vroomen et al. 2004; Harrar & Harris, 2008; Navarra et al. 2009 ) and spatial domains (Canon, 1970; Radeau & Bertelson, 1974) . Furthermore, It has been known that, after hundreds or thousands trials of repeated exposure to simultaneous but spatially separate auditory and visual stimuli, the perceived location of a solitary auditory stimulus is shifted toward the direction of the previously experienced visual stimulus. This phenomenon is often referred to as the 'ventriloquist after effect' (Recanzone, 1998; Lewald, 2002) .
Recently, studies that used relatively short exposure blocks showed that aftereffects are measured as an aggregate over several exposures in which the stimulus discrepancy is kept fixed (Frissen et al. 2005; Bertelson et al. 2006; Kopco et al. 2009 ). However, in humans, it was shown that recalibration of perceived auditory space by vision can occur after even just a single exposure to a discrepant auditory-visual stimuli lasting only a few milliseconds (Wozny & Shams, 2011) , indicating that modification of sensory maps does not necessarily require the accumulation of a substantial amount of evidence of error to be triggered, and could even be continuously operational. Toward a similar end, there are studies showing that the calibration effect between the different senses can occur automatically (Spence & Squire, 2003) . For example, when a horizontal line is briefly flashed following a cue to attend to one end of the line, the observer typically reports that the line grows from the cued to the uncued end, even though the entire line was flashed simultaneously (Shimojo et al. 1997) . This suggests that the influence of the auditory cue on visual timing judgments is a sensory-perceptual effect rather than a consequence of a post-perceptual response bias.
Despite a substantial amount of studies revealing the near ubiquitous existence of sensory recalibration, there is distinct lack of evidence at the neuronal level to show how this occurs. In the present study, using electrophysiological recordings of multisensory neurons in the cat superior colliculus (SC), we aimed to examine whether and how different sensory modalities spatially calibrate each other at the level of the individual neuron. SC, a significant structure within the tectal midbrain, is involved in orienting to stimuli and/or events in the external environment (Burnett et al. 2007; Munoz & Wurtz, 1995; Jay & Sparks,1987) and provides an optimal structural organization for exploring the influence of cross-modal stimulation (Stein et al. 2009 ). The deep layers of SC, rich with multisensory neurons, receive multiple sensory inputs from a wide range of cortical and subcortical regions (Stein & Meredith, 1993) . These inputs endow it with sufficient information to fulfil its role in sensory integration and orientation by developing effective motor commands to targets of interest (Sparks & Jay, 1986; Stein & Meredith, 1993) . For the typical SC multisensory neuron, its visual and auditory receptove fields (RFs) are well overlapped spatially. This arrangement is critical for the integrative capacity of the SC because multisensory events usually originate from the same spatial locus (Stein & Stanford, 2008) . The results reported in the present study also show that, given a cross-modal spatially fixed preceding stimulus, the azimuthal RF of SC neurons can be shifted greatly.
Methods

Ethical approval
All experimental procedures were approved by the local ethical review committee of East China Normal University and were performed in compliance with the Guide for the Care and Use of Laboratory Animals of East China Normal University and the guidelines outlined in Grundy (2015) . Experiments were conducted in eleven adult cats (aged 1-1.5 years; weighing 2.5-4.0 kg; male: n = 6).
These animals were purchased as weaned kittens from an established breeder (Shanghai Yingen Farm, Shanghai, China) and were reared individually in cages (80 × 60 × 120 cm, length × width × height). They were fed on an appropriate schedule daily, had free access to water and were maintained under a 12:12 h light/dark photocycle. All of the experiments were conducted in an anaesthetized, paralysed, semi-chronic fashion on a weekly basis in each animal (see below). The frequency of the recording sessions and the features examined during each session were selected to minimize avoidable discomfort and the number of animals used. At the conclusion of the final experiment, the animal was killed by an overdose of sodium pentobarbital (100 mg kg −1 , IP).
Surgical procedures
Prior to surgery, the animals were pretreated with dexamethasone sodium phosphate (1 mg kg −1 , IM; Jinhua MuziJia Veterinary Medicine Company, Zhejiang, China) for at least 12 h. On the day of surgery, the animal was sedated with ketamine hydrochloride (20-25 mg kg −1 , IM; HengRui Medicine Co. Ltd, Jiangsu, China) and acepromazine maleate (0.05 mg kg −1 , IM; Ennopharm Co. Ltd, Shanghai, China). After sedation took full effect, the animal was then mounted on a stereotaxic frame (Jiang-wan II type; Second Military Medical University, Shanghai, China). Anaesthesia for surgery was maintained via IV infusion of sodium pentobarbital (loading dose: 5 mg kg −1 ; maintenance dose: 3 mg kg −1 h −1 ; Sigma, St Louis, MO, USA). During surgery, body temperature was maintained around 37.5°C using a heating pad. During the entire surgery, blood pressure, heart rate and core temperature were monitored continuously to be within safe physiological limits (Top 1800 Digital Vital Signs Monitor; Dong Tang Technology Co. Ltd, Beijing, China). A craniotomy was made in the skull directly overlying the SC. A stainless steel recording chamber was then stereotaxically positioned over the craniotomy. The chamber was secured to cranial bone at its margins with stainless steel screws and dental acrylic to allow for recording access later. Prophylactic antibiotic treatment (4 mg kg; Baytril; Bayer AG, Leverkusen, Germany) was administrated for 7 days after surgery. Postsurgical analgesics were administrated as needed (buprenorphine 0.005-0.01 mg kg −1 , IM, b.i.d. for 3 days). After a recovery period of no less than 10 days, the animals were then able to be subjected to neurophysiological recording.
Recording procedures
All post-implantation animals used for SC neuron recording sessions were in good health and were used no more frequently than once per week. Each recording session lasted for 7-11 h and an average of almost 25 recording sessions per animal was conducted. Immediately prior to each recording session, each animal used was lightly anaesthetized with ketamine hydrochloride (20 mg kg −1 , IM) and acepromazine maleate (0.05 mg kg −1 , IM) prior to intubation by mouth. Following successful intubation, the animal was then moved to a double-walled, electrically-shielded room for electrophysiological recordings, in which the inner walls were coated with a convoluted polyurethane foam to reduce echoes and environmental noise. A head-holding system (RWD Life Science, Shenzhen, China) was used to hold the animal comfortably in a natural sternally recumbent position without obstruction of the eyes and ears. The intubation tube was connected to an ALC-V8A respirator (Shanghai ALCOTT Biotech Co. Ltd, Shanghai, China) for artificial respiration during the paralysis, initially induced by an injection of gallamine triethiodide (6-8 mg kg −1 , IV; Shanghai Dongfang, Shanghai, China) to prevent any movement during recording. Throughout the experiment, anesthesia, paralysis, and hydration were maintained via a continuous IV infusion of ketamine hydrochloride (6-8 mg kg −1 h −1 ) and gallamine triethiodide (3-4 mg kg −1 h −1 ) in 5% dextrose solution (3-6 ml h −1 ) through the saphenous vein. Blood pressure, heart rate, S pO 2 (>90%) and respiratory CO 2 level (4-5%) were monitored continuously throughout the experiment (Top 1800 Digital Vital Signs Monitor; Dongtang Technology Ltd, Beijing, China). Body temperature was kept near 37.5°C throughout the procedure using a heating pad. The animal's pupils were then dilated with ophthalmic atropine sulphate (Shanghai General Pharmaceutical Co. Ltd, Shanghai, China). Next, the eyes were fitted with contact lenses (Web Science Technology Development Co. Ltd, Wuhan, China) to correct the refractive error introduced by paralysis. Conventional electrophysiological methods were used for single-neuron recording (Xu et al. 2017) . In brief, glass coated, epoxy-insulated tungsten electrodes (impedance: 1-3 M at 1 kHz; H-J Winston, Clemmons, NC, USA) were slowly lowered manually to the surface of the midbrain SC and then advanced via a hydraulic microdrive (Model 50-12-1C; FHC, Bowdoin, ME, USA). The electrode signals were band-pass filtered (300 Hz to 10 kHz), amplified (10,000×; Model 1700 amplifier; A-M Systems, Sequim, WA, USA), digitized (NI USB-6363; National Instruments, Austin, TX, USA) at 20 kHz and then recorded on a PC workstation. At the end of each recording session, the animal was recovered to stable respiration and co-ordinated locomotion before being returned to its home cage.
Stimulus presentation and RF mapping
When advancing the electrode during a recording session in the SC, each neuron was detected via its J Physiol 596.20 spontaneous activity and then manually evaluated for its stimulus-evoked activity. A multisensory neuron was identified if the neuron responded discernably to both visual and auditory stimuli presented individually. Monitoring the recording amplifier with headphones, neurons encountered were given a manual presentation of visual (flashed or moving spots or bars of light from a hand-held ophthalmoscope) and auditory (clicks, claps, whistles and hisses) stimuli. If responsive to both, these same manual stimuli were also used to determine both a rough visual and auditory RF. The observable RF centre was defined as the spatial area in which the strongest response could be evoked by the appropriate stimulus.
Following a positive multisensory assessment, quantitative sensory tests were performed consisting of computer-triggered auditory and visual stimuli presented both alone and in sequences of visual-auditory and/or auditory-visual stimuli. The visual stimuli consisted of a flash of white light (duration: 100 ms; intensity: 3-15 cd m −2 ) against a uniformly dark background (0.25 cd m −2 ), emitted from stationary light emitting diodes (LEDs). Auditory stimuli consisted of 100 ms-duration broadband (20-20 kHz) noise bursts (rise/decay time: 5 ms) with intensities ranging from 40 to 70 dB sound pressure level (SPL) delivered by speakers (FS Audio, Zhejiang, China) against an ambient background of 29-31 dB SPL. SPLs were measured at the spatial centre of the animal's head with a 0.25 inch condenser microphone (model 7016, ACO Pacific, Belmont, CA, USA). Both LEDs and speakers were mounted onto a stainless steel hoop (radius 60 cm) at azimuth locations ranging from −90°to 90°in increments of 15°(midline being 0°). The hoop was placed in the frontal hemi-field, 60 cm away from the animal's head (Fig. 1A) and could be manually rotated in elevation from +75°(above) to −75°(below).
In the sequential presentation of visual-auditory or auditory-visual stimuli, the location of leading stimulus was held at a constant azimuthal position (selection described below) and the following stimulus was given at an array of azimuthal locations (−90°to 90°). The sequential visual and auditory stimuli were separated in time by a minimal stimulus-onset asynchrony (SOA) that would evoke two separate responses. In other studies, this arrangement of visual and auditory stimuli with small SOAs was considered as probably co-occurring (Lewald & Guski, 2003; Noel et al. 2016) . Objectively, the SOA was configured to meet the criteria of having less than a 50 ms temporal gap between responses evoked by the leading and the following stimulus components. These minimal SOAs allowed quantification of the properties of each individual response at the same time as retaining the possibility of interactions between sensory channels. To determine the appropriate SOA for each experiment, an online estimate of each unisensory response latency and duration was first conducted by presenting individual test stimuli for 10-15 trials. The modality of the first/leading stimulus and the second/following stimulus in the cross-modal stimulus pairing was arbitrarily selected for each neuron. Once these unimodal response properties were determined, the neuron was subjected to the sequential testing paradigm. The leading stimulus was placed in a position 30-45°l ateral to RF centres of the following modality (as well as in the central area in some cases). For example, if the centre of an auditory RF was clearly determined to be well-peaked at 30°, the visual stimulus, as the leading stimulus, was placed and held at 60°and/or 0°; if the auditory RF centre was more diffuse (such as a broad peak, spanning from 30°to 45°), the leading visual stimulus was adjusted accordingly, placed and held at 75°and/or 0°. Initially, visual testing stimulus was set to 100 ms flash of light at an intensity of 8 cd m −2 and auditory testing stimulus given was set to 100 ms noise burst at 60 dB SPL. If the magnitude of a response evoked by leading stimulus was greater than eight impulses in each trial or less than one impulses per trial, the stimulus intensity was adjusted to within this range at a 10 dB step for auditory and at a step of 3-4 cd m −2 for visual. Modality-specific and sequential cross-modal stimuli were presented in pseudo-random order and at an interstimulus interval of 4 s. The number of individual stimulus presentations ranged from 15 to 20 trials per location.
Histology
At the conclusion of the final experiment for each animal, the final tip position of the recording electrode was marked by making a small lesion with direct current (−30 μA for 15 s). The animal was then killed by an overdose of sodium pentobarbital (100 mg kg −1 , IP). They were then perfused transcardially with saline for several minutes followed by a 4% paraformaldehyde solution in 0.1 M potassium phosphate buffered saline (pH 7.2). The brain was then removed and placed in the same fixative solution containing 20% sucrose for 12-24 h at 4°C for cryoprotection. The fixed brain tissue was then sectioned in the coronal plane on a freezing microtome at a slice thickness of 50 μm. Sections containing SC were stained with methyl violet to verify the lesion sites as being within the SC.
Data acquisition and analysis
Custom-built software (Matlab R2011b; Mathworks, Natick, MA, USA) controlled the stimulus parameters, timing and structure of all quantitative trials presented. Raw neural signals were recorded and stored for later offline analysis. Spike sorting was performed using Spike 2, version 6 (CED, Cambridge, UK). A threshold criterion of no less than 4-fold SD above background was used for identifying spike peaks. The detected spike waveforms were then clustered by principal component analysis and sorted into individual units using an automated Bayesian sort routine (Bar-Hillel et al. 2006) . All neurons reported were visually identified as single units and displayed inter-spike intervals of 1 ms or greater. Relative spike timing data for single neurons were then obtained for all stimuli combination and used to construct both raster plots and peristimulus time histograms using custom Matlab scripts.
For analysis, the mean spontaneous firing rate was calculated from a 500 ms window immediately preceding the stimulus onset. Response onset was defined as the first spike time within a 10 ms bin at which the binned rate crossed above a virtual threshold of 2 SDs above the baseline rate and remained above this value for at least 20 ms. Response offset was set as the time point where activity returned to below two SDs from baseline activity for at least 20 ms. The mean stimulus-evoked response was then the average number of impulses across trials in the temporal window from response onset to offset minus the expected number of spikes given the spontaneous firing rate. Cases in which the leading and following responses showed a substantial change during testing such that separate leading and following responses were not discernable were excluded from further analysis.
The responses of a neuron at each location of azimuth were collectively fit with a Gaussian function to give the RF spatial tuning profile, which made it possible to derive the field's centre precisely (the peak location of the fitted Gaussian) and the size of the RF (3-fold SDs). The results obtained across animals were found to be homogeneous and were collapsed for the purposes of this analysis. For simplifying the description of data, azimuthal RF of neurons recorded from right SC were symmetrically reorganized (reversed at the midline, 0°), through which all of the neurons could be assumed to be derived from the left SC. The modulation index was then calculated using the function:
where R preceded and R non-preceded are the peak magnitude of responses recorded with and without a preceding stimulus, respectively. All data analysis was also performed using Matlab. Student's t test, Mann-Whitney rank sum test, paired t test, Pearson correlation and Wilcoxon signed-rank test were used where appropriate to calculate significant differences. P < 0.05 was considered statistically significant. Data are expressed as the mean ± SD.
Results
All of multisensory neurons studied were located in the intermediate and deep layers of SC (found from 1200-3800 μm below the surface of the SC) (Fig. 1B) . Each neuron could respond discernibly to both visual and auditory stimuli presented individually. The effect of a leading stimulus on a following response RF shift of a different modality was examined in 332 neurons. The location of the preceding stimulus was fixed and the following stimulus was given pseudo randomly across the range of −90°to 90°in azimuth. The neuron's azimuthal RF was then determined by measuring the attendant response in each location (presented alone or preceded by the stimulus in other modality). Overall, 71% (237/332) of the SC multisensory neurons tested showed sufficient spatial tuning to be accurately fitted with a Gaussian function demarcating their azimuthal RF. Once fitted, the RF centre and size could be quantitatively determined (see methods). The remainder of our analysis focused on these 237 multisensory neurons. For the sequential portion of our testing, 132 neurons (56%) were exposed to a preceding visual stimulus with auditory azimuthal RF testing, and 131 neurons (55%) received the influence of a preceding auditory stimulus on visual azimuthal RF J Physiol 596.20 testing (with 26 neurons receiving both tests). In addition, different subsets of these neurons were used to further study one or more of the known modulatory effects; shifting SOA, preceding stimulus intensity and/or spatial position.
RF centres are biased toward the location of the preceding stimulus
For SC multisensory neurons, the vast majority of RFs tested (both visual and auditory) were located in the contralateral hemisphere. Based on the observable RF size and centre, the preceding stimulus was placed 30-45°a way from the RF centre. Figure 2 illustrates a typical testing result. This neuron showed a bell-shaped auditory azimuthal RF centred between 15°and 30°when tested, which was later precisely determined to be centred at 27.9°a fter Gaussian fitting. In all cases, the difference between the manually observed horizontal RF centre and the one determined later by Gaussian fitting was less than 15°( thereby confirming the general accuracy of our manual testing). In this case, the preceding visual stimulus was set to horizontal positions of 60°, 15°and −15°for testing. In the same block of data, the SOA of 150 ms was fixed for the different sequential presentations of cross-modal stimuli. When a location-fixed visual stimulus was presented at 60°(lateral to the auditory RF centre) to precede the auditory stimulus, the auditory RF was found to be biased toward the lateral side, moving its centre to 38.6°(shift distance of 10.7°). When the preceding visual stimulus was positioned near the midline (−15°), the auditory RF centre shifted toward the midline (shift distance of 8.1°).
A B Figure 2 . A preceding visual stimulus predictably shifts the ensuing auditory RF A, responsiveness of a single neuron to an auditory stimulus alone (left column) and to visual-auditory stimulus pairings in different locations of azimuth. The preceding visual stimulus was location-fixed to either 60°(second column), 15°(third column) or −15°(fourth column). In each, the visual response period is overlain by vertical grey shading. Beneath the columns, the stimulus presentation periods are illustrated (visual: black line; auditory: grey, SOA: 140 ms for all combinations). B, normalized responses across the range of azimuth are profiled. Top: the auditory response is shown without a preceding visual stimulus. The horizontal line denotes the RF size (±3 SDs about the peak). Next, a preceding visual stimulus was given with a fixed position of azimuth of −15°(denoted by triangle, second panel), 15°(third) or 60°(fourth). For each combination, the range of responses were fitted with a Gaussian curve representing the total response function (solid line). When compared to the auditory alone condition (RF centre, vertical dashed line), the presence of the preceding visual stimulus biased the centre of the RF (vertical solid line) towards its new peak location (movement noted by the black arrow).
This showed that the auditory RF could be dynamically shifted in response to the difference in the location of the preceding stimulus. When the preceding stimulus was positioned within the RF central area (15°), the auditory RF centre failed to show the substantial movement (shift distance of 3.7°). Figure 3 provides the opposite example, examining the influence of a preceding auditory stimulus on a visual RF at an SOA of 100 ms. Although the visual system is considered to play a principal role in maintaining spatial alignment across the senses, the data clearly shows that a preceding auditory stimulus can also cause a shift of this neuron's visual RF. Also again, the RF shift varied with the position of the preceding auditory stimulus. Shift distances of the RF centre achieved toward the preceding auditory stimulus were 10.6°and 5.1° (Fig. 3B ).
An examination of the population data support the effects seen in the examples given (Fig. 4A) . The average shift of auditory RF centres was slightly larger than the visual RF centre shift (auditory: 8.3 ± 5.3°; visual: 6.4 ± 4.2°, Mann-Whitney U = 17564, Z = −3.3, P < 0.001). There was no significant difference in RF size between conditions with and without the preceding stimulus in either the auditory or visual modality, as shown in Fig. 4B (auditory: 108.9 ± 23.8°vs. 107.3 ± 22.3°; visual: 84.7 ± 18.8°vs. 85.2 ± 20.5°). However, the shift distance of RF centre was mildly positively correlated with its size in both visual and auditory modalities (auditory: r = 0.33, P < 0.0001; visual: r = 0.31, P = 0.001; Pearson correlation). As shown in Fig. 4C and D, RFs with a larger size appeared to be more malleable and show bigger centre shifts. As a consequence, this might be part of the reason why auditory RFs showed slightly greater RF centre shifts.
To examine whether RF shifts were uniform across SC, we analysed the relationship between the RF centre and its shift distance. Within the SC, it is well known that all modality RF spatial tunings move from central to lateral spaces when recording positions move from rostral to caudal. Thus, if the RF centre of one neuron is in central space, it was probably recorded in the rostral SC. As shown in Fig. 5A and B, the degree of shift of RF centres increased as RF tuning moved away from the midline. This was strongest when the preceding stimulus was located at medial side of the RF centre (medial: r = 0.43, P < 0.001; lateral: r = 0.22, P = 0.0038, Pearson correlation), suggesting that rostral SC neurons have less malleable RFs. Although both visual and auditory RFs could shift either medially or laterally, the distance shifted was not symmetrical. When the preceding stimulus was placed on the lateral side of the RF centre, the mean shift distance was larger [auditory: 9.2 ± 5.2°(lateral, n = 118) vs. 7.3 ± 4.8°(medial, n = 96), P = 0.006; visual: 7.3 ± 4.7°(lateral, n = 113) vs. 5.7 ± 3.7°(medial, n = 102), P < 0.001, both Mann-Whitney rank sum test]. This result suggests that the preceding stimulus in the peripheral space could bias the RF of SC neurons more easily than when positioned in the central space.
Preceding response induced location-dependent changes in following responses
RF shifts, as described above, appeared to be caused by changes in following responses recorded in different azimuthal locations. As with the individual cases shown (Figs. 2 and 3) , the preceding stimulus facilitated the following responses at locations near it but inhibited those in far locations, resulting in RF centre shifts toward the preceding stimulus. To quantify this effect, we computed a modulation index that expresses the difference between responses to the stimulus with and without the preceding stimulus divided by their sum. Figure 6A provides a typical result (i.e. the same neurons shown in Figs. 2 and 3) . It is worth noting that the modulation index declines as the following stimulus moves further from the preceding stimulus. This gives a clear view of the transition from initial facilitation to inhibitory influences as the spatial separation between the preceding and following stimuli becomes larger.
As a conserved effect, the population showed the same influence. In more than half of cases (60%; 157/263), the facilitative effect was induced when the preceding stimulus was close to the tested location and was rarely seen in far positions (13% at 45°away and 4% at 75°away). The inhibitory effect showed the reverse (the position of preceding stimulus: 7%; 45°away: 32%; 75°away: 55%). As shown in Fig. 5B , the mean modulation index across the population measured at the position of the preceding stimulus (0.16 ± 0.23) was found to be significantly higher than those found at the positions of 45°away (−0.08 ± 0.15) and at the position of 75°away (−0.21 ± 0.26, P < 0.001 for both, Wilcoxon signed-rank test).
The effect of the spatial gap between preceding and following stimuli on RF shift
We next aimed to investigate whether RFs could be biased more if the preceding stimulus was further separated from the RF centre. Tests were conducted in 67 neurons (n = 35 tested for auditory RF shifts and n = 32 for visual). A typical example is given in Fig. 7A (with RF profiles in Fig. 7B ). Increasing the spatial separation from an intermediate gap (30-45°away) to a still larger spatial gap (60-75°away) failed to drive the RF shift more (Fig. 7B,  bottom) . The population showed similar results (Fig. 7C) . The mean shift distance in each modality in both intermediate and large gap conditions was significantly larger than that in the small gap condition (intermediate vs.
small and large vs. small: two-tailed P < 0.001, paired t test) and the mean shift distance in both intermediate and large spatial gap conditions was very close (large vs. intermediate: auditory, 7.6 ± 4.6°vs. 7.4 ± 4.5°, t = 0.432, d.f. = 34, two-tailed P value = 0.669, paired t test; visual, 6.6 ± 3.3°vs. 6.8 ± 3.4°, t = −0.539, d.f. = 31, two-tailed P value = 0.594, paired t test). Taken altogether, these results suggest the outer limit of cross-modal spatial calibration available within the SC. 
Effect of SOAs on RF shift
The effect of the preceding response on the following response decreased rapidly when longer SOAs were used for both auditory (n = 43) and visual RF shift (n = 40). In the short SOA condition, visual and auditory stimuli were separated by a minimal SOA that just allowed two discrete responses to be detected. In testing, this resulted in a mean SOAs of 166 ± 75 ms when visual was given first and 114 ± 52 ms when auditory was given first. Procedurally, long SOAs were set to 100 ms longer than the short SOA. Doing this allowed the exploration of near time effects on RF shift in the following response, with examples shown in Fig. 8 . In Fig. 8A , the auditory RF profile with no preceding stimulus was centred on 24.9°, shifting to 31.3°(6.4°) in the long SOA pairing, and moved still further to 36.4°( 11.5°) in the short SOA condition. Similar shifts were observed in auditory-induced visual RF shift (Fig. 8B ). Across the population tested, RF shift distance decreased with increased SOA (auditory: from 9.2 ± 4.4°to 4.5 ± 2.4°, n = 43, P < 0.0001, paired t test; visual: from 7.5 ± 4.8°to 3.8 ± 3.4°, n = 40, t = −7.159, P < 0.0001, paired t test) (Fig. 7C and D) .
To extend this examination, SOAs were further increased to explore the temporal limits on RF shift in a subset of SC multisensory neurons (Fig. 8E and F) . If the SOA was increased to an inter-response gap of more than 300 ms, no significant RF shifts were observed and suggested that the limits of this effect are temporally constrained.
The effect of the intensity of the preceding stimulus on RF shift
Although the response to the preceding stimulus did not need to be robust (or even detectible, see Fig. 3A , third column) to evoke RF shifts, we were still interested in examining whether the extent of the RF shift could be modulated by the intensity of the preceding stimulus, with all other stimulation features being held constant. This possibility was examined in 61 cases (visual RFs: 32; auditory RFs: 29) .
The preceding visual stimuli were given at both high and low (a reduction of 4 cd m −2 ) intensity within the same block of testing (mean response across populations: high vs. low, 4.8 ± 2.2 spikes per trial vs. 3.1 ± 1.5 spikes per trial, two-tailed P < 0.0001, paired t test). The same was carried out for the preceding auditory stimulus (high: 3.9 ± 1.6 spikes per trial; low: 2.7 ± 1.4 spikes per trial; a 10 dB SPL decline, two-tailed P < 0.0001, paired t test). Despite the changes in intensity, there was no substantial change in the temporal character of the preceding response (mean visual response duration: 165 ± 91 ms for the high vs. 151 ± 72 ms for the low; mean auditory response duration: 153 ± 92 ms for the high vs. 142 ± 79 ms for the low). Therefore, the same SOA could be used in both low and high-intensity conditions, and the gap between the two responses was found to be less than 50 ms in each case tested. Two individual test results are shown in Fig. 9A and B. In each, it was the high-intensity preceding stimulus that evoked the larger RF shift regardless of modality (high vs. low: 19.5°vs. 14.8°for auditory; 11.7°vs. 8.2°for visual). This held true across the population tested ( Fig. 9C and D) and was found to be significantly different between each intensity pairing tested (mean auditory RF shift distance: 8.9 ± 5.7°for the high vs. 5.7 ± 4.2°for the low; mean visual RF shift distance: 7.5 ± 4.5°for the high vs. 4.9 ± 2.7°for the low; both, p < 0.001, paired t test).
RF shift in non-sequential conditions
The data from the sequential presentation of cross-modal stimuli illustrate how different sensory inputs to SC multisensory neurons interact spatially. However, in the natural environment, visual and auditory stimuli from the same event are often presented simultaneously. Could a similar RF shifting effect be induced in that condition? This possibility was examined in a different subset of 61 neurons and a typical example is presented in Fig. 10 . The responsiveness of a neuron to the location-fixed auditory stimulus, the visual stimulus (presented at different azimuthal locations) and their pairing (presented simultaneously) was recorded (Fig. 10A) . The multisensory responses were sorted according to the spatial position of the visual stimulus and then the spatial RF profiles could be calculated (referred to here as the multisensory spatial RF). It is noteworthy that, with the simultaneous presentation of auditory stimulus in the lateral side, the multisensory RF was substantially shifted toward the lateral side ( Fig. 10B and C) . Similar to the data shown in Fig. 6 , the modulation index (Fig. 10C ) also shows a significant decline with an increasing spatial gap between the visual and auditory stimuli, demonstrating that the multisensory RF shift could be attributed to the spatial principle of multisensory integration (Stein & Stanford, 2008) . Population data also showed that the Normalized Response Normalized Response Figure 9 . The effect of preceding stimulus intensity on RF shift A, profiles of an auditory RF without a preceding stimulus (black line) or with a high-(dashed line) or low-intensity (grey line) preceding visual stimulus (location marked on the abscissa). B, a similar series of plots but for visual RFs. In each example, it was the stronger preceding stimulus that evoked the bigger RF shift. C and D, shift of RF centre in the low-intensity condition was compared with that in the high-intensity condition for auditory (C) and visual (D) modalities. Conventions are the same as those in Fig. 8 .
lateral presentation of a stimulus regardless of modality dramatically drove the shift of the multisensory RF toward the lateral side ( Fig. 10D ) (paired t test, P < 0.001 for both visual and auditory), with a mean shift distance of 11.5 ± 6.7°compared to the auditory RF and 10.1 ± 5.8°c ompared with the visual RF.
The influence of the preceding stimulus of the same modality on RF shift
To examine whether the RF shifting effect was the result of a multisensory process and not solely increased stimulation, we conducted another experiment in 79 neurons. In this experiment, the preceding and the following stimuli were of the same modality and the preceding stimulus was positioned laterally. Two examples are given in Fig. 11A and B (for auditory) and in Fig. 11C and D (for visual), indicating that only minor shifts were induced. Although the preceding stimulus within the same modality could induce a shift of the RF centre statistically (paired t test, P = 0.013 for visual and P = 0.027 for auditory), the degree shifted was extremely minor. The mean distance of RF shift (toward the location of the preceding stimulus) was 1.7 ± 3.9°for visual RF and 1.9 ± 4.0°f or auditory RF. This was far lower than what was observed in the cross-modal sequential condition. In the majority of cases (auditory: 77%, 36/47; visual: 81%, 43/53) , the leading stimulus failed to drive any RF shifts ࣙ5°. It should be noted that the preceding response exhibited an inhibitory effects on the following response in almost all of locations, in a manner that was different from that in the cross-modal sequential condition. In Fig. 11E , the RF centre in single stimulus condition was plotted against that in sequential conditions for each case, indicating that RF centres did not show a consistent amount of shift. 
A
Discussion
In the present study, we revealed that visual inputs could shift auditory spatial RFs without directly coincident cross-modal exposure and vice versa. By examining the responsiveness of SC multisensory neurons to sequential presentation of cross-modal stimuli, these results show that the preceding response could indeed influence the lagging response in a location-dependent fashion, biasing the centre of the RF consistently towards the location where the preceding stimulus was presented. RF shifts could occur in both medial and peripheral directions. The degree of shift developed relied on the amount of spatial separation of the leading stimulus away from the RF centre, the SOAs and the intensity of leading stimulus. Taken together, these results suggest how spatial calibration of the different senses occurs at the neuronal level. Vision is normally considered to be the most accurate and reliable amongst all the senses, and has been found capable of providing a reference for the calibration of auditory spatial perception (Zwiers et al. 2003; Bosen et al. 2017) . The visual system is assumed to predominate within the process of spatial perception, with the auditory system being more influential in temporal perception (Morein-Zamir et al. 2003; Recanzone, 2003; Spence & Squire, 2003; Eagleman, 2008) . In a strict interpretation of this view, one would expect that visual RFs might be more resistant to influence by auditory stimuli. The present study, however, contradicts this expectation. Auditory stimuli were able to induce visual RF shifts, albeit to a slightly smaller degree. This result is consistent with recent findings that auditory stimuli can influence both visual spatial perception (McDonald et al. 2001; McDonald et al. 2013; Feng et al. 2014) and visual motion perception (Teramoto et al. 2012) . In addition, the findings of the present study provide clues for understanding cross-modal perceptual recalibration results reported in several studies (Driver & Spence, 1998; Dufour, 1999; Leo et al. 2011; Wozny & Shams, 2011) . The SC receives its sensory information from a host of cortical and subcortical sources (Stein & Meredith, 1993) . Of these, ipsilateral inputs from the anterior ectosylvian sulcus and the rostral lateral suprasylvian sulcus are particularly important for multisensory processing in SC. Should these associational cortices be deactivated or ablated at any stage of life, SC neurons are rendered incapable of integrating cross-modal cues (Wallace & Stein, 2000; Jiang et al. 2001; Alvarado et al. 2007; Rowland et al. 2014; Xu et al. 2017) . Thus, it is plausible that RF shifting may occur first in these cortices, with the result being transferred to SC. This hypothesis will be tested in our future studies.
Many electrophysiological studies have already shown that multisensory neurons exhibit an integrating window and SOAs of different stimuli can fall into this window and become well integrated as a single response by multisensory neurons (Miller et al. 2015; Felch et al. 2016) . At the organismal level, psychological studies in humans have also disclosed a temporal binding window over which audiovisual events are integrated (Colonius & Diederich, 2004; Hillock-Dunn & Wallace, 2012; Hillock-Dunn et al. 2016) . Similarly, in the present study, we have demonstrated how the leading response can open a short window in time where spatial modulation can be imposed on the following response in individual neurons. In the majority of cases, with increasing spatial separation between leading and following stimuli, inhibition of the following response increased. This is much like the spatial principle of multisensory integration, first described in cat SC (Meredith & Stein, 1996) . Indeed, multisensory neurons there exhibit greater responses to spatially paired multisensory stimuli than to unpaired stimuli, which leads to more rapid responses to external stimuli and events (Rowland et al. 2007; Hirokawa et al. 2011) , and increased accuracy in perception . In the present study, any following response modulation decayed with increased SOA and had the practical effect of narrowing the time window for integration. This is also congruent with previous studies on the ventriloquism effect showing that a decrease in the illusion of shifted sound as a result of audio-visual asynchrony follows an almost linear function of SOAs (Lewald & Guski, 2003; Chen & Vroomen, 2013) and is compatible with the need for temporal synchrony in multisensory integration (Meredith et al. 1987) .
In the deep layer of SC, unimodal representations of sight, hearing and touch (i.e. visual, auditory and somatosensory) are present with overlapping spatial registration but in different co-ordinate systems. This difference would be expected to induce a spatial mismatch during natural motion of the head between the visual and auditory information because the mapping of acoustic cues is based on head centred co-ordinates and visual cues are assumed to be encoded on eye-centric references. Previous studies showed that the human perception of auditory space could shift with changes in eye position (Razavi et al. 2007; Cui et al. 2010 ). An electrophysiological study showed that, without the guide of vision, eye movement alone could induce the shift of auditory RFs in the SC of primates sitting in a darkened room (Jay & Sparks, 1987) . The finding in the present study that a preceding stimulus can dynamically guide RF shifts of another modality can be regarded as another important mechanism with respect to minimizing RF mismatches. Also, the brain has a strong adaptive capability to integrate spatially unpaired visual and auditory stimuli, which is considered to require plastic changes in underlying neuronal mechanism (Recanzone, 1998; Woods & Recanzone, 2004; Bruns & Roder, 2015) .
Our data show that a location-fixed preceding stimulus failed to evoke substantial RF shifts within the same modality. By contrast, there are studies showing that a J Physiol 596.20 moving stimulus appears to be more effective stimulus for within modality RF shifts. For example, in the optic tectum of the barn owl, a moving sound elicited a shift in spatial tuning toward the direction of the incoming stimulus and the magnitude of RF shifts increased systematically with increasing stimulus velocity (Witten et al. 2006) . Similar results were also found in the owl's external nucleus of the inferior colliculus (Wang et al. 2012; Wang & Pena, 2013) and also in the retina (Berry et al. 1999) . Such evidence leads to the consideration of whether a preceding moving stimulus can induce the bigger RF shift of the other modality in SC neurons, which will be the focus of our next study.
A competitive process, SC plays a key role in detecting, localizing and orienting toward sensory events by translating sensory stimuli into motor commands (Li & Basso, 2005; Pluta et al. 2011) . Depending upon the exact timing relationship, the presentation of a leading stimulus can induce the change in the response to a following stimulus of another modality presented in a different spatial location, especially when it is in the opposite hemisphere. Because RF shifts guided by the leading stimulus should contribute more neuronal processing relevant to the location of the leading stimulus, these results appear to be much like the effects seen in studies on spatial attention (Compte & Wang, 2006; Womelsdorf et al. 2006; Womelsdorf et al. 2008; Ballanger, 2009; Gregoriou et al. 2009) . It is already understood that sensory responses are greatly enhanced at attended locations and suppressed in unattended locations, even when eye movements are not allowed (Corbetta & Shulman, 2002; Bouvier, 2009; Hillyard et al. 2016) . Therefore, we see the possibility of cross-modal RF shifting as a natural mechanism underpinning the processes of cross-modal spatial attention. A worthy aim of future studies would be to examine cross-modal RF shifting in regions of the awake multisensory SC because it receives sensory input from a large selection of cortices and subcortical areas and is a critical site for attentional circuits (Stein & Meredith, 1993; Ignashchenkova et al. 2004) .
In the brain, there are many cortical and subcortical regions in which different sensory streams can interact with each other (Bizley et al. 2016) . There, combined cross-modal information is tagged with a multisensory identity and subsequently transferred to higher order perceptual centres where it significantly influences the brain's processing. Studies in humans have shown that neural activity patterns closely associated with the ventriloquist effect were consistently observed in the planum temporale (Bonath et al. 2014) . In the visual cortex, the presentation of a sound was found to increase the rate of phosphene perception induced by transcranial magnetic stimulation (Romei et al. 2012; Spierer et al. 2013) . Furthering this notion, a recent study using event-related potential recordings found that lateralized salient sounds, regardless of their task relevance, elicited an enlarged contralateral positive potential in ventral extrastriate visual cortex (McDonald et al. 2013) , which is an area known to improve visual discrimination (Feng et al. 2014) . In the present study, we did not investigate perceptual effects. However, because the findings discussed above closely resemble the results of the present study, we posit that the RF shifting we found in SC represents a neural mechanism underlying similarly constituted cross-modal perceptual shifts in other brain regions.
